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EFFECT OF SHORTENING TRANSITION LINER TO DECREASE 
OVERALL LENGTH OF A RAM INDUCTION COMBUSTOR 
by Donald F. Schultz, Porter J. Perkins, and Jerrold D. Wear 

Lewis Research Center 

SUMMARY 

A 40-inch (102- cm) diameter annular turbojet combustor was tested in two ver- 
sions, one 30 inches (76 cm) in length and the other 25 inches (63.5 cm). The reduction 
in length was obtained by removing 5 inches (12. 7 cm) from the cooling liners at the 
downstream end. A slight increase was made in the cooling airflow to the remaining 
section of the downstream cooling liner. No other changes were made. The combustor 
dome, swirlers, fuel nozzles, primary zone liner, and diluent zone liner were common 
in the two combustor versions. Tests of both versions were conducted at conditions 
corresponding to Mach 3 cruise: 90-psia (62-N/cm 2 ) total pressure and 1150° F (839 K) 
inlet-air temperature. The airflow rate was 108.6 pounds per second (49. 3 kg/sec). 

Shortening the liner resulted in a severe decrease in uniformity of the exit tempera- 
ture in the circumferential direction. The reduced length caused pattern factors to 
double (0.22 to 0.40). The average radial temperature profile, however, was affected 
very little. A slight decrease in combustion efficiency was measured. Total pressure 
loss and smoke formation were unaffected. 

INTRODUCTION 

It is generally accepted in the field of turbojet combustors that decreasing the com- 
bustor length from fuel nozzles to turbine inlet has an adverse effect on the exit tem- 
perature profile, other factors being the same (e. g. , refs. 1 and 2). The magnitude 
and specific nature of this effect is not well documented. 

Tests were conducted on a 30- inch (76- cm) long, full-scale annular turbojet com- 
bustor designed for operation at Mach 3 cruise. The detailed design of this combustor 
is reported in reference 3. Upon completion of that program, the combustor was 



shortened. This was accomplished by removing 5 inches (12.7 cm) from the exit transi- 
tion liner between the last dilution hole and the combustor exit plane. This reduced the 
overall length, from compressor exit station to turbine inlet station, from 30 inches 
(76 cm) to 25 inches (63. 5 cm). The cooling flow to the remaining section of the transi- 
tion liner was increased slightly. No other change to the combustor was made. 

Tests were then conducted on the 25-inch configuration to determine the effect of 
the length reduction on exit temperature profile, combustion efficiency, pressure loss, 
and smoke intensity. The results are reported herein. 


TEST FACILITY AND INSTRUMENTATION 

The investigation was conducted in a closed-duct test facility of the Engine Compo- 
nents Research Laboratory at Lewis. Combustor inlet-air temperatures as high as 
1050° F (839 K) were obtained in the facility without vitiation. Combustor exit tem- 
peratures were measured at 3° increments around the circumference with three five- 
point aspirated thermocouple probes which traversed circumferentially in the exit plane. 
Detailed descriptions of the facility and instrumentation are contained in reference 3. 


TEST COMBUSTORS 

The combustor was designed using the ram-induction approach described in refer- 
ences 3 and 4. With this approach, the compressor discharge air is diffused less than 
with conventional combustors. The relatively high-velocity air is then captured by 
scoops in the combustor liner and turned into the combustion and mixing zones. Vanes 
are used in the scoops to reduce pressure loss caused by the high-velocity turns. The 
high velocity and steep angle of the entering air jets promote rapid mixing of the fuel 
and air in the combustion zone and of the burned gases and air in the dilution zone. The 
potential result of the rapid mixing is a shorter combustor, or, alternatively, a better 
exit temperature profile in the same length. 

Figure 1(a) shows the major features of the combustor such as the snout, the five 
rows of scoops, and the transition liner. The snout divides the diffuser into three con- 
centric annular passages. The central passage conducts air to the combustor headplate, 
and the inner and outer passages supply air to the combustor liners. Five rows of 
scoops' are provided on each of the inner and outer liners to turn the air into the com- 
bustion and dilution zones. Figure 1(b) also shows the more important dimensions of 
the original 30-inch version. Figure 1(c) shows the shortened, 25-inch combustor. The 
exit transition liners that were shortened contained no air entry holes except those pro- 
viding film cooling. Details of the transition liners can be compared in figure 2. The 
25-inch combustor liners contained one less segment than did the 30-inch combustor 
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(b) Combustor dimensions (original combustor). 



diam 

"r 

(c) Combustor dimensions (shorted combustor). 


Figure J. - Cross-section sketch of original ram-induction annular combustor. (Dimensions 
are in inches (cm).) 
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Number 

Number of 

Hole diameter 

Total hole area 


holes 

in. 

cm 

in. 2 

cm 2 

1 

180 

0.129 

0.328 

2.351 

15. 168 

2 

180 

.120 

.305 

2.036 

13. 135 

3 

180 

.120 

.305 

2.036 

13. 135 

4 

180 

.166 

.422 

3.896 

25. 135 

5 

180 

.094 

.239 

1.249 

8. 058 

6 

120 

.129 

.328 

1.568 

10. 116 

7 

120 

.129 

.328 

1.568 

10. 116 

8 

120 

.129 

.328 

1.568 

10. 116 

9 

120 

.182 

.508 

3.122 

20. 142 

10 

150 

.104 

.264 

1. 274 

8. 219 

11 

30 

.104 

.264 

.255 

1.645 

Total area of all holes 

20.929 in. 2 

134.987 cm 2 


(a) 30-Inch (76-cm) combustor. 



Number 

Number of 
holes 

Hole diameter 

Total hole area 

in. 

cm 

in. 2 

cm 2 

1 

180 

0. 120 

0.305 

2.036 

13. 135 

2 

180 

.150 

.381 

3.179 

20.510 

3 

180 

.190 

.483 

5.101 

32.910 

4 

30 

.104 

.264 

.255 

1.645 

5 

150 

.104 

.264 

1.274 

8.219 

6 

120 

.129 

.328 

1.568 

10. 116 

7 

120 

.157 

.399 

2.323 

14.987 

8 

120 

.204 

.518 

3.920 

25.290 

9 

30 

.104 

.264 

.255 

1.645 

10 

150 

.104 

.264 

1. 274 

8.219 

Total area of all holes 

21. 185 in. 2 

136.677 cm 2 


(b) 25-Inch (63.5-cm) combustor. 


Figure 2. - Combustor transition liners. 
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(c) Viewed from downstream end. 
Figure 3. - Concluded. 


liners. However, the film- cooling-hole area was kept about the same to provide extra 
cooling to compensate for the increased angle of liner surfaces to the flow of the com- 
bustion gases. This was accomplished by using larger cooling holes. The cooling- hole 
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area in the 30-inch combustor was 20.9 square inches (135 cm ), compared to 21. 2 

2 

square inches (136. 7 cm ) in the 25-inch combustor. The film-cooling flow was ade- 
quate since no transition liner problems were encountered with either configuration. 

The snout and the combustor liners are shown in figure 3 for the combustor without 
the exit transition liners. Figure 3(a) is a view of the snout and the upstream end of the 
combustor liners. The V-shaped cutouts in the snout fit around struts in the diffuser. 
The circular holes through the snout walls are for the fuel nozzle struts. Figure 3(b) 
is a view looking upstream into the combustor liner. The scoops in the inner and outer 
liners can be seen, as well as the openings in the headplate for the fuel nozzles and 
swirlers. Figure 3(c) gives a closer view of the liner and headplate, showing the fuel 
nozzles (a total of 24) and swirlers in place. Simplex nozzles were used for all tests. 
The shortened combustor contained no changes to the snout, headplate, fuel nozzles, or 
liners with scoops. 

The 30-inch configuration used in these tests was the one designated Model F in ref- 
erence 3. Model F was the final configuration arrived at after a period of combustor 
development and contained modifications made to improve exit temperature pattern fac- 
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tor. The first row of scoops was completely blocked except for a small film- cooling 
flow of air, and the fourth and fifth rows of scoops were blocked in the center third of 
the outlet passage. 


RESULTS AND DISCUSSION 

The combustors were tested at two inlet-air temperatures, 600° and 1050° F 
(589 and 839 K) using ASTM A-l fuel. The design average exit temperature was 2200° F 
(1478 K). This value was not obtained with the 25-inch combustor due to excessive local 
temperature peaks which would damage the exit temperature probes. The total pressure 
for all tests was 90 psia (62.0 N/cm^) with 600° F (589 K) inlet-air temperature, and 
60 psia (41.4 N/cm^)with 1050° F (839 K) inlet-air temperature. Table I is a listing of 
test results for the 30- and 25-inch combustors over a range of operating conditions. 

The 30-inch combustor evaluated in reference 3 was retested during this program to ob- 
tain a more direct comparison of the two designs. 


Pressure Loss 


Figure 4 shows combustor pressure loss as a function of diffuser inlet Mach number. 
There was no apparent change in pressure loss due to shortening the combustor. The 
diffuser inlet Mach number was calculated from the diffuser inlet static pressure, total 
temperature, airflow, and diffuser inlet area. 



Figure 4. - Isothermal combustor pressure loss. Combustor inlet 
total pressure, 60 psia (41.4 N(cm z ) ; combustor inlet total temper- 
ature, 1050° F (839 K). 


8 



Combustion Efficiency 


Efficiency was determined by dividing the measured temperature rise across the 
combustor by the theoretical temperature rise. The exit temperatures were measured 
with five-point traversing aspirated thermocouple probes and were mass-weighted for 
the efficiency calculation. Each mass weighted average temperature used 585 tempera- 
tures. 

Combustion efficiency of the 30-inch combustor was 100 percent at conditions of 
60 and 90 psia (41.4 and 62. 0 N/cm^) inlet-air total pressure, 600° F (589 K) and 
1050° F (839 K) inlet-air temperature, and reference velocities from 100 to 200 feet per 
second (30. 5 to 61. 0 m/sec), respectively. The reference area selected for the refer- 
ence velocity calculation was the combustor cross-sectional area at the leading edge of 
the inside-diameter and outside-diameter shrouds. Combustion efficiency decreased' 

2 to 3 percent with the shorter combustor at these conditions, as shown in figure 5. 


Radial Temperature Profile 

The design temperature profile at the combustor exit plane is determined by the 
stress and cooling characteristics of the turbine in a particular engine application. For 
the purpose of evaluating the combustor, a design exit average radial temperature pro- 
file typical of advanced engines was selected. The measured exit average radial tem- 
perature profile for both the 30- and 25- inch combustors is compared with the design 
temperature profile in figure 6. The open symbols indicate the exit average tempera- 
tures measured at each radial position. Also shown are the maximum temperatures at 
each radial position measured at any point around the circumference (solid symbols). 

The effect of shortening the combustor on the exit average radial temperature profile 
was small. However, shortening the combustor had a significant effect on the maximum 
temperature. The shorter combustor had maximum temperatures as much as 225° F 
(142 K) above those of the longer combustor at similar operating conditions. 

Figure 7 shows the variation of exit average radial temperature profiles and maxi- 
mum temperatures as a function of reference velocity. Figure 7(a) shows that reference 
velocity has virtually no effect on the exi t average radial temperature profile of the 
30-inch combustor. The maximum temperatures are, at most, only 272° F (151 K) 
higher than the average temperature. There seems to be a trend for the maxi mum tem- 
perature to increase as reference velocity increases, although the effect is not large. 
Figure 7(b) shows variation of temperature profile with reference velocity for the 
25-inch combustor. Again, the exit average radial temperature profile is unaffected by 
changes in reference velocity. The maximum temperature, however, increased by as 
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Combustion efficiency, percent 


O 30-Inch (76-cm) long 

combustor 

□ 25-Inch (63.5-cm) long 

jjq combustor 

100 
90 

(a) Reference velocity, 125 ft/sec 
(38.2 m/sec). 




(b) Reference velocity, 150 ft/sec 
(45. 8 m/sec). 



(d) Reference velocity, 200 ft/sec 
(61. 0 m/sec). 



.010 .014 .018 .022 

Fuel-air ratio 


(e) Reference velocity, 100 ft/sec 
(30.5 m/sec). 


Figure 5. - Variation of combustor 
efficiency with reference velocity 
for the 30- and 25-inch (76- and 
63.5-cm! combustors. Figures 5(a) 
to (d): inlet-air total pressure, 

60 psia (41.4 N/cm 2 ); inlet -air total 
temperature, 1050° F (839 K). Fig- 
ure 5(e): inlet -air total pressure, 
90 psia (62. 0 N/cm 2 ); inlet -air total 
temperature, 600° F (589 K). 


O 30-Inch (76-cm) combustor 
□ 25-Inch (63.5-cm) combustor 
Open symbols denote exit average radial 
temperature 


Solid symbols denote exit maximum radial 
temperature 



-100 0 100 200 300 

Deviation from exit average temperature, K 


Figure 6. - Comparison of exit average radial 
temperature profiles for 30- and 25-inch 
(76- and 63.5-cm) combustors. Inlet -air 
temperature, 1050° F (839 K); inlet total 
pressure, 60 psia (31.4 N/cm 2 ); reference 
velocity, 150 feet per second (45. 8 m/sec). 
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Reference 

velocity, 


ft/ sec 

m/sec 

o 

125 

38.2 

□ 

150 

45.8 

A 

175 

53.5 

O 

200 

61.0 


Open symbols denote exit average 
radial temperature 
Solid symbols denote exit maxi- 
mum radial temperature 



-100 0 100 200 300 

Deviation from exit average temperature, K 

(b) 25-Inch (63.5-cm) combustor. 

Figure 7. - Variation of exit average radial tem- 
perature profile with reference velocity. 

Inlet -air temperature, 1050° F (839 K); inlet- 
air pressure, 60 psia (41. 4 N/cm z ); exit 
average temperature, 2150° F (1450 K). 
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much as 466° F (259 K) above the local average temperature, and the hottest tempera- 
tures were about 2600° F (1700 K). 


Combustor Exit Temperature Distribution Parameters 


The following temperature distribution parameters were established to describe 
combustor exit temperature distributions: 


Stator factor = 


( T r, local ~ T r, design) 


max 


AT 


where ( T r, local - T r, design 


is the largest temperature differential between the 


max 


highest local temperature on any radius T r ^ ocal and the design temperature for that 
radius, and where AT is the average temperature rise across the combustor. The 
design temperature T r desigll was obtained from a design radial temperature profile 
which is typical of profiles encountered in advanced supersonic engines 


Rotor factor = 


r, av 


design) 


max 


AT 


where (T - T 
\ r,av r, 

age circumferential temperature on any radius and the design temperature for that ra- 
dius. 

Another temperature distribution parameter in common usage in the aircraft indus- 
try was also employed. This parameter is the pattern factor and is defined by the ex- 
pression: 


HfiQin-n ) is largest temperature differential between the aver- 
aesign/ max 


Pattern factor = 


T - T 
max av 

AT 


where T is the highest local combustor exit temperature, T _ is the average com- 

iucIa av 

bustor exit temperature, and AT is the combustor temperature rise. 

Preliminary evaluation of combustor exit temperature profile is frequently made 
using the pattern factor. A more refined assessment of the temperature profile as it 
affects the turbine stator and rotor separately can be made using the parameters stator 
factor and rotor factor. The parameter stator factor is a measure of the maximum 
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positive exit temperature deviation from the design temperature to which any stator blade 
will be exposed. A low value of stator factor is desired so that stator blade life will not 
be reduced, nor blade cooling flow requirements become excessive due to local hot spots. 
The parameter rotor factor is a measure of the maximum average exit temperature de- 
viation from the design temperature to which the turbine rotor will be exposed. Since 
the turbine rotor, due to its rotation, tends to average the temperature circumferen- 
tially, the maximum average temperature difference at any radius is of interest. 

Figure 8(a) is a comparison of the stator factor values for the 30- and 25- inch com- 
bustors. At an average combustor temperature rise of 1100° F (611 K), the stator factor 
value for the 25- inch combustor is almost 50 percent higher than for the 30- inch com- 
bustor (0.39 compared to 0.23). 

The increase in rotor factor due to shortening the combustor is shown in figure 8(b). 
The rotor factor was 2^ times greater for the short combustor than for the long com- 
bustor. This, however, is less of a problem than the increase in stator factor, in that 
the absolute magnitude of the temperature deviation from the design profile is small in 
the case of the rotor factor, being 30° F (17 K) for the 30- inch combustor and 78° F 
(43 K) for the 25-inch combustor. The temperature deviation associated with the stator 
factor increased from 274° F (152 K) to 363° F (202 K) above the design temperature 
profile at the same condition. 

A comparison of the pattern factor with the average combustor temperature rise for 
the 30- and 25-inch combustors is shown in figure 8(c). The combustor suffered signifi- 
cant increases in the pattern factor as a result of shortening the mixing length. The 
pattern factor nearly doubled (0.40 compared to 0.22) at a temperature rise of 1100° F 
(611 K) with the 25- inch combustor. 


Circumferential Temperature Profile 

Figure 9 shows the circumferential variation of exit temperature. The tempera- 
tures shown are averages of the five radial temperature measurements at any one cir- 
cumferential position. Data were taken every 3° around the circumference. These data 
were obtained at 60 psia (41.4 N/cm^) inlet-air total pressure, 1050° F (839 K) inlet- 
air temperature, and 150-foot-per-second (45.7 m/sec) reference velocity. 

In figure 9(a), temperature peaks are evident downstream of each strut in the dif- 
fuser for the 30-inch combustor. The 25-inch combustor shows similar temperature 
peaks but of increased magnitude (fig. 9(b)). Also, additional hot spots are evident. A 
comparison of figures 9(a) and (b) shows that the reduction in mixing length has ad- 
versely affected the exit average circumferential temperature profile. Although the ra- 
dial temperature profiles were only slightly affected by the reduced length, the effect on 
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Circumferential position, deg 

(b) 25-Inch (63.5-cm) combustor. Exit average temperature, 2152° F (1451 K). 


Figure 1 ?. - Comparison of exit average circumferential profiles. Inlet-air pressure, 60 psia (41.4 N/cm^) ; inlet-air 
total temperature, 1050° F (839 K); reference velocity, 150 feet per second (45.7 m/sec). 
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the circumferential profile was large. It is apparent that the addition mixing length is 
very beneficial in flattening the circumferential profile. 

Some additional tests were made with the 25- inch combustor in an attempt to im- 
prove the exit average circumferential temperature profile. In general, the approach 
taken was that of trying to deflect, direct, or admit secondary air from the number 
4 and 5 scoops into the observed hot areas in the exhaust. However, as specific hot 
areas were cooled by mixing the additional secondary air, other areas became exces- 
sively hot due to the withdrawal of that same secondary air. Thus, no real improvement 
in the exit temperature profile was obtained. 

It appeared that testing a short version of a combustor might be useful in the de- 
velopment of some combustors. The effects of various liner scoops and possibly of fuel 
nozzles could be traced more easily. Many variations in exit temperature seen in the 
25-inch combustor were obscured when the combustor was lengthened. 


Smoke Emission 

A Von Brand Smokemeter and a Welsh Densichron Reflection Unit (3832A) were 
used to obtain smoke data. A Welsh Gray Scale (3827T) was used as a calibration ref- 
erence. A gas sample flow rate of 0. 3 standard cubic feet per minute per square inch 
of filter paper (2. 19x10" 5 m 2 /(sec)(cm 2 )) was maintained with a 2-psig- (1. 38-N/cm 2 -) 

above- atmospheric pressure above the moving filter paper tape and a 5-inch mercury 
2 

(8. 5-N/cm ) vacuum below the filter paper tape. Clean filter paper readings were taken 
for reference. 

Smoke numbers with both combustors were below the threshold of visible smoke 
(between zero and 6 with most readings less than 1) for conditions of 60-psia (41.4- 
N/cna ) combustor total pressure, 1050° F (839 K) inlet-air temperature, and reference 
velocities between 125 and 200 feet per second (38. 1 to 61.0 m/sec). At 90-psia 
(62.0-N/cm 2 ) combustor total pressure, 600° F (589 K) inlet- air temperature and ref- 
erence velocities near 100 feet per second (30. 5 m/sec), the maximum smoke number 
obtained was 20 (slightly visible smoke). The smoke number increased with increasing 
fuel-air ratio. No trend with differences of combustor length was apparent. 


SUMMARY OF RESULTS 


The reduction in combustor length from 30 inches (76 cm) to 25 inches (63. 5 cm) by 
removing 5 inches (12. 7 cm) from the exit transition liners had the following effects: 
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1. The exit average radial temperature profile was not significantly changed. 

2. The exit average circumferential temperature profile was significantly changed. 
Local temperature peaks associated with diffuser struts in the 30-inch combustor were 
magnified in the 25-inch combustor. Also, additional hot spots not present in the 30-inch 
combustor appeared in the 25-inch combustor. 

3. Exit temperature parameter values increased as follows: 



30-Inch (76-cm) 

25-Inch (63.5-cm) 


combustor 

combustor 

Pattern factor 

0.22 

0.40 

Stator factor 

.23 

CO 

Rotor factor 

.030 

.072 


4. Combustor pressure loss did not change. 

5. Combustion efficiency decreased about 3 percent from 100 percent. 

6. Smoke emission did not change and was below the threshold value of visible 
smoke. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, September 1, 1970, 

720-03. 
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